The microscopic structure of interstitial oxygen in germanium and its associated dynamics are studied both experimentally and theoretically. The infrared absorption spectrum is calculated with a dynamical matrix model based on first-principles total-energy calculations describing the potential energy for the nuclear motions. Spectral features and isotope shifts are calculated and compared with available experimental results. From new spectroscopic data on natural and on quasimonoisotopic germanium samples, new isotope shifts have been obtained and compared with the theoretical predictions. The low-energy spectrum is analyzed in terms of a hindered rotor model. A fair understanding of the center is achieved, which is then compared with interstitial oxygen in silicon. The oxygen atom is nontrivially quantum delocalized both in silicon and in germanium, but the physics is shown to be very different: while the Si-O-Si quasimolecule is essentially linear, the Ge-O-Ge structure is puckered. The delocalization in a highly anharmonic potential well of oxygen in silicon is addressed using path-integral Monte Carlo simulations, for comparison with the oxygen rotation in germanium. The understanding achieved with this new information allows us to explain the striking differences between both systems, in both the infrared and the far-infrared spectral regions, and the prediction of the existence of hidden vibrational modes, never directly observed experimentally, but soundly supported by the isotope-shift analysis. ͓S0163-1829͑97͒08631-1͔
I. INTRODUCTION
The understanding of apparently solved old problems is sometimes found to be limited when looking at them in detail. A thorough revision of such a problem, often with newer techniques, reveals a richer physics, and also subtleties that hindered the full understanding of the problem in the past. Interstitial oxygen in covalent semiconductors is one of these problems. Oxygen in silicon has been very thoroughly studied 1 in the past for technological reasons. Oxygen in germanium, while first investigated at about the same time, 2, 3 has been reinvestigated more actively recently, due to progress in spectroscopy and to the availability of quasimonoisotopic germanium samples. [4] [5] [6] [7] [8] [9] Although the basic structure for the defect centers is generally accepted, namely, atomic oxygen breaking the Si-Si or the Ge-Ge bonds and staying near the bond center, there are some fundamental aspects of these systems that remain unsolved. For example, the comparison of the low-energy-excitation and infrared spectra of both centers is certainly puzzling. The low-energyexcitation spectra of interstitial oxygen in silicon 10 and germanium 6, 8 are fundamentally different, showing their characteristic features at different energy scales. The infrared spectra are also different, and they do not quite adapt to the modes of the Si 2 O ͑Refs. 11, 12͒ or Ge 2 O ͑Ref. 8͒ pseudomolecules.
The available experimental information is based on absorption spectroscopy, using photons or phonons, in the infrared or far infrared. Early studies on interstitial oxygen in silicon (Si:O i ) showed two main absorption features in the infrared 1 ͑519 cm Ϫ1 and 1136 cm Ϫ1 ͒ and another structure in the far infrared 10 (29 cm
Ϫ1
). The three main features were associated with the three fundamental vibrational modes of a puckered Si 2 O molecule, 1 ͑the 519 cm Ϫ1 peak͒, 2 ͑the 29 cm Ϫ1 band͒, and 3 ͑the 1136 cm Ϫ1 or 9 m stretching band͒, as displayed in Fig. 1͑a͒ . The analysis of the fine structure of the high-and low-frequency features 10 offered insight into the nature of the microscopic structure of the center and the oxygen dynamics. In spite of the correctness and merit of this analysis, 10 it was only recently shown 11, 12 that the puckered image was misleading, a better one being that of a linear Si 3 wSiOSiwSi 3 molecule with dynamic D 3d symmetry, as shown in Fig. 2 ͓see Fig. 1͑b͒ for the vibration modes͔. The assignments were consequently revised: the 519 cm Ϫ1 peak is not a vibration of the Si 2 O pseudomolecule ͑not shown in Fig. 1͒ , but a backbond Si-Si vibration of E u symmetry of the corresponding D 3d point group. The stretching mode ( 3 ) remains essentially unchanged, being of A 2u symmetry. The equivalent to the 1 mode is an A 1g symmetric stretching mode invisible to the infrared, located at around 600 cm
. The observed combination mode at 1750 cm Ϫ1 and its isotope shifts 13 strongly support this new model. 14 Note the difference in mode counting between both geometries. A linear SiOSi structure gives two nondegenerate modes and one doubly degenerate mode, that is, four modes, compared with the three nondegenerate modes for the puckered unit. This is in agreement with the number of vibrational modes of an N-atom molecule, which is 3NϪ5 and 3NϪ6 for linear and nonlinear molecules, respectively.
In the case of interstitial oxygen in germanium (Ge:O i ), infrared-absorption bands have been reported near 860 and 1270 cm Ϫ1 , 2 which are equivalent to the 1136 and 1750 cm Ϫ1 bands in Si:O i . Low-energy absorptions have also been detected by phonon spectroscopy, 6 at a much lower-energy scale than the far-infrared absorption in Si, but there is no report on any feature in the intermediatefrequency range. In this work we analyze in detail the Ge:O i center, using both experimental and theoretical information. Also, some new information will be reported for Si:O i . Both systems are compared throughout this work. Using simple but realistic theoretical tools and new isotope-shift measurements we have reached the following conclusions: ͑i͒ Interstitial oxygen is quantum delocalized in both hosts, but this delocalization is essentially different in silicon and in germanium, the difference being graphically depicted in Fig. 2 . In the case of germanium the defect can be well accounted for by an elastic, hindered, two-dimensional rotor, whereas in the silicon case oxygen is delocalized around the original silicon-silicon bond center position. ͑ii͒ As a consequence of the above, it is meaningless to talk about a static geometry of the defect. ͑iii͒ In the Ge:O i case, the puckered Ge 2 O molecule picture holds, the lowest vibrational energy ( 2 ) being substantially higher in energy than the observed low-energy structure ͑purely rotational͒. ͑iv͒ There are infrared inactive ͑or at least with a weak activity͒ vibrational modes that were never discussed before. ͑v͒ The bonding of oxygen to the Si and in Ge hosts is quite different, as can be deduced from Fig. 2 .
The different pieces of information leading to these conclusions are organized as follows. In Sec. II we analyze the experiments in the far-infrared spectral region and, with the help of total-energy and path-integral calculations, we determine the ''equilibrium'' configuration and low-energy dynamics of interstitial oxygen both in silicon and in germanium. In Sec. III, based on the above described atomic configurations, we calculate the atomic vibration and infrared spectra associated with the defects. A detailed comparison with the available experimental data is performed. The results of Sec. III motivate the experimental measurement of isotope shifts in isotopically pure samples. The experiments have been performed and their description and results are presented in Sec. IV. Finally, in Sec. V a summary of the work is given.
II. ATOMIC CONFIGURATION

A. Low-energy excitations
Both Si:O i and Ge:O i display spectral features in the farinfrared region that cannot be accounted for by vibrational excitations of the atoms involved. This originates from the deviation from the usual behavior of atoms harmonically vibrating around the absolute minimum of the potential. The oxygen atom is nontrivially delocalized in a wider region of space, both in silicon and in germanium. The two centers, however, display important differences both in the energy scale of the low-energy excitations and in the spectral patterns, which are due to the very different character in the delocalization of oxygen in these centers, as illustrated in Fig. 2 . This image is supported by the analysis shown in Fig.  3 , where the low-energy excitations of both interstitial centers are shown and compared to theoretical models described in the following.
In the case of Si:O i the energy levels resulting from the far-infrared measurements of Bosomworth et al. 10 are displayed in Fig. 3 . They were originally explained 10 by considering the oxygen atom moving around the bond-center ͑BC͒ position in the plane perpendicular to the original Si-Si axis, in a highly anharmonic potential looking like the base of a wine bottle. The theoretical results displayed in the figure are the ones of Yamada-Kaneta, Kaneta, and Ogawa, 11 who improved the model by including the interaction of these low-energy anharmonic excitations with the highenergy stretching vibration of the center ͓A 2u mode in Fig.  1͑b͔͒ . The figure shows the potential for the low-energy oxygen motion obtained from the fit. The ground-state energy being higher than the energy barrier at BC (r O ϭ0) gives rise to the rather unusual situation depicted in Fig. 2 , where the oxygen atom is quantum delocalized in the whole well, a large region of space, with maximum probability density at the BC site in spite of the maximum of the potential at that point. 12 This situation is examined in more detail in Sec. II C.
For Ge:O i the situation is quite different. The levels derived from the phonon spectroscopy results of Gienger, Glaser, and LaXmann 6 are also shown in Fig. 3 . The data were originally analyzed 6 in terms of a rigid rotor, the split of the lϭ3 levels being associated to an order-6 azimuthal modulation of the potential. A good agreement with experiments was achieved, except for a deviation for high l values. We have reconsidered the experimental data in terms of a nonrigid rotor model taking into account the centrifugal distortion and higher order hindering potentials. The calculated energy levels are displayed side by side with the experimental ones in Fig. 3 .
The Hamiltonian of the model has two terms,
H 0 is the Hamiltonian of a nonrigid ͑elastic͒ rotor in two dimensions, 15 which is diagonal in the basis of eigenstates of J z , the component of the angular momentum perpendicular to the plane of rotation. where is the frequency of vibration of the rotor in the radial direction. H h is the hindering potential. It is a function of the azimuthal angle that, because of the symmetry of the center, has to be even ͓H h ()ϭH h (Ϫ)͔ and periodic with a period of /3. It can thus be written as
with any shape consistent with the symmetry being describable in terms of the a n coefficients. The hindering potential will produce the splitting of the degeneracies only for the states with lϭ3,6,9, . . . as shown below.
The solution of the model given by H for the desired eigenvalues and eigenvectors to the desired accuracy can be obtained by numerically diagonalizing the matrix of H in the basis of the eigenvectors of H 0 . In the representation, these eigenvectors are
with mϭ0,Ϯ1,Ϯ2, . . . . The matrix for H h is obtained from ͗m͉2a n cos͑6n ͉͒mЈ͘ϭa n ␦ m,m Ј Ϯ6n .
͑7͒
The infinite matrix for H is constructed from Eqs. ͑2͒ and ͑7͒. The problem can be solved by diagonalizing the finite matrix obtained for the subset of basis states with angular momentum l smaller than a certain l max . Then, l max is increased until the considered eigenvalues converge within the desired accuracy. For the results shown in Fig. 3 a value of l max of the order of 30 is perfectly sufficient. The different parameters entering the problem affect the eigenvalues in well distinguishable ways. This fact makes the model useful since information can be obtained for a few of them without the inference of the others. A fit of the experimental data, as presented in Fig. 3 , can be obtained with just three parameters, B, D, and a 1 , independently of the values of higher a n 's. The obtained agreement is remarkable, which supports the picture of Fig. 2 .
The spacing of the lower eigenvalues defines the rotor constant as Bϭ0.175Ϯ0.005 meV, the Ϯ range indicating the variability of B for different ͑reasonable͒ values of the other parameters. This results in Iϭ11.9 amu Å 2 . Similarly, the splitting of the lϭ3 levels defines the coefficient of the fundamental term of the hindering potential as ͉a 1 ͉ϭ0.13Ϯ0.02 meV. The centrifugal distortion term D affects the higher eigenvalues by reducing their spacings. Its value is more sensitive, however, to the other parameters, specifically to a 2 . The lack of experimental information for lϾ5 prevents the evaluation of a 2 and coefficients of higher harmonics, since they affect only indirectly the measured eigenvalues. For absolute values of a 2 ranging from 0 to 1 meV, the fit presented in the figure is preserved with Dϭ(14Ϯ10)ϫ10 Ϫ5 meV. According to Eq. ͑4͒, it corresponds to ϭ130Ϯ60 cm Ϫ1 for the radial vibration of the rotor.
Higher harmonics of the hindering potential affect the displayed results very little. The potential is therefore undetermined in regard to the angular energy barrier and the position and number of minima. This is illustrated in Fig. 3 , where three different hindering potentials are displayed, which are perfectly compatible with the experimental information: ͑i͒ a 1 Ͻ0 and a 2 ϭ0, ͑ii͒ a 1 Ͻ0 and a 2 Ͻ0, and ͑iii͒ a 1 Ͻ0 and a 2 Ͼ0. They show qualitative differences explained in the following.
Along the rotation path there are two different kinds of symmetry positions, the C s positions, where the complex has a specular symmetry with respect to the plane containing the oxygen atom and its nearest neighbors, and the C 2 positions, where the complex is invariant under a rotation of 180°a round an axis perpendicular to the Ge-Ge axis, passing through the oxygen atom. There are six equivalent C s positions, separated by 60°from each other, and by 30°from the six C 2 positions. The first potential in Fig. 3 corresponds to a situation where one kind of symmetry position corresponds to the potential minima and the other kind to the maxima, 4a 1 representing the energy barrier. The second potential displays local minima at both C s and C 2 positions, but with different energy for the different positions, 12 local maxima appearing in between. The last potential shows 12 equivalent minima at no symmetry positions, separated by different maxima at each side, one at C s and the other at C 2 .
The different scenarios presented are compatible with the data, the discrimination among them being thus impossible on these grounds. The measurement of the splitting of the mϭϮ6 levels would give new qualitative information allowing the direct evaluation of ͉a 2 ͉. There is an additional indetermination in ascertaining which ones of the symmetry positions correspond to minima or maxima. This information cannot be obtained with the experimental techniques used. See the next subsection for complementary theoretical information.
Recently, an additional absorption has been found by phonon spectroscopy 16 with an energy of 4.74 meV. If interpreted within the rotor model, it implies an unreasonably large value of a 2 ϭ1.5 meV, much larger than a 1 . Another interpretation 16 assigns it to a radial excitation, which implies a small (Ϸ10 meV) energy barrier along the radial direction. This is difficult to reconcile with the data and discussion presented in the following sections. Further experimental knowledge is needed to understand this point. It should be remembered, however, that the model discussed here represents quite a simplification, since many ingredients have been left out ͑accompanying rotation of Ge atoms, interaction of the O rotation with the vibrations of the center and with the phonons of bulk germanium, etc.͒, the agreement achieved still being remarkable.
An alternative to the nearly free oxygen rotation model discussed above would be a tunneling model, 17 representing a situation where the angular variation of the potential is much more pronounced, and where the quantum delocaliza-tion of the oxygen is through hopping among the potential minima. For the sake of completeness, a tunneling analysis 18 has been performed for the three situations described above ͑the three potentials depicted in Fig. 3 for Ge:O i ͒, using tight-binding-like models for six and 12 positions. The main conclusion is that the three tunneling possibilities give a substantially worse fit of the energy levels than the nearly free rotation model.
It is important to stress that the qualitative differences between Si:O i and Ge:O i displayed in Fig. 2 have a clear manifestation in the different energy scales at which the lowenergy excitations appear. The angular delocalization of oxygen in germanium gives rise to low lying rotation excitations with energies of the order of tenths of meV, which are essentially decoupled from the vibrational modes at an energy scale given by ͑of the order of 20 meV͒. In silicon, radial and angular excitations are nontrivially mixed in a common intermediate energy scale.
B. Ge rotation and isotope shifts
Natural silicon and germanium are made up of three and five isotopes, respectively. An isotope-shift study of the lowenergy modes of Si:O i has revealed only an effect of the mass of the O atom and the information has been used for the characterization of the center, 10, 11, 14 but there are no results of any kind in the Ge:O i case. Isotope shifts in the Ge case can give important information for the understanding of the center as they can show how the germanium atoms rotate. So far, the implicit assumption has been that the rotation is mainly the same as the rotation of the free Ge 2 O molecule, introducing always the reduced mass of such unit as the relevant mass. In the following a discussion is presented on that issue, showing that this picture is not necessarily correct. The expected isotope shifts of the rotor levels are presented, both for oxygen-and germanium-isotope substitutions, as important information to define this point.
The fit of the experimental data to a rotor model presented above does not give precise information on what is rotating. Obviously, the oxygen atom is involved in the rotation, but the assumption that only the oxygen atom rotates would be naive. It is clear that the neighboring germanium atoms are tightly bound by the rest of the crystal to quite defined positions, but they are not fixed, they can displace from those positions elastically. Even the simplest model of such a system ͑Ge-O-Ge with elastic restoring forces for the Ge atoms͒ has no simple analytical solution. Assuming that the Ge 2 O unit is rotating freely is certainly dangerous and can be misleading.
If it is assumed that only oxygen rotates, the predictions are straightforward. The shift in the rotor levels due to an oxygen-isotope substitution with a change of mass ⌬m O corresponds to the change of the rotor constant B ͑and the accompanying change of the D coefficient͒ due to the change of the momentum of inertia I ͓Eq. ͑3͔͒ by
where
is the ''apparent'' radius of rotation. There would be no shifts due to germanium substitutions. A more realistic model should allow for a rotationlike motion of the Ge atoms neighboring O, and account for the interaction with phonons and localized vibrations. The latter can be treated in the phenomenological way proposed by Pajot and Cales, 13 with a renormalization of the germanium mass. The actual value for the renormalized mass m Ge * has to be obtained through fitting to experimental data. The interaction mass mЈ is defined as 13 m Ge * ϭm Ge ϩmЈ.
͑10͒
It should not be large compared with the masses themselves.
For the rotation of the germanium atoms, it is reasonable to assume that both rotate in phase ͑say for equal germanium masses͒. The fact that the germanium atoms are tied to the crystal makes the situation different from the free rotation of the Ge 2 O molecule in vacuum, the lowest energy for a given angular momentum being given by the in-phase rotation of oxygen and germanium. In other words, the Ge atoms accompany the rotation of the O atom, instead of counterrotating as they would do in a free molecule. However, both possibilities are discussed here for future comparison with experiment.
The moment of inertia for the rotating system is
where R is the distance of oxygen to the Ge-Ge axis ͑the relative coordinate͒ and r is the distance of the Ge-Ge axis to the rotation axis. The Ϯ symbol stands for the two possibilities, ϩ for corotation ͑the three atoms rotating in phase͒, Ϫ for counter-rotation. Equation ͑11͒ can be written as
For corotation Ͼ1 for any r. For counter-rotation Ͻ1 when r/RϽ2m O /(2m Ge * ϩm O ), and у1 otherwise. The minimum value of is for r/Rϭm O /(2m Ge * ϩm O ).
Equation ͑12͒ can be given two interpretations to keep the simple rotor image. First, it gives the apparent radius, R a ϭRͱ, which shows how R a changes when the germanium atoms rotate. Alternatively, an effective mass for oxygen can be defined as m O eff ϭm O to absorb the effect of the Ge rotation. The effective mass is equal to the reduced mass ͑͒ of the Ge 2 O molecule only in the particular case of counter-rotation with rϭm O R/(2m Ge * ϩm O ), i.e., rotating around an axis containing the center of mass. As mentioned above, it is not expected that the molecule will rotate around the center of mass, but rather corotate around a different axis, and therefore the effective mass of oxygen is expected to be larger than the bare atomic mass, instead of smaller in the sense of the reduced mass.
These issues will be at least partially settled with isotopeshift measurements of the rotor levels. First, r can be readily determined by isotopic substitution of germanium. From Eq. ͑11͒, ͑ ⌬I ͒ Ge ϭ2r 2 ⌬m Ge * .
͑14͒
The radius of rotation of the Ge atoms can be read from the slope of the plot of (⌬I) Ge versus ⌬m Ge * . For small interaction mass mЈ, the latter can be approximated by ⌬m Ge . If mЈ is large, an alternative procedure would be more appropriate for isotopically pure samples: take ⌬m Ge * ϭ⌬m Ge , with defined by m Ge * ϭm Ge .
Oxygen substitution gives
which gives R, the O-Ge relative coordinate, except for the fact that either corotation or counter-rotation have to be assumed. An independent estimation of R will therefore ascertain between the two rotation possibilities ͑see below͒. For that purpose, the momentum of inertia obtained from experiment can be used to obtain a relation between R and r. From Eq. ͑11͒,
For the counter-rotating case ͑ϩ͒, R changes only slightly, staying between 0.8 and 0.9 Å for values of r up to 0.2 Å. In the corotating case, R appreciably diminishes with r, from 0.85 Å for rϭ0, to 0.7 Å for rϭ0.1 Å, and to 0.4 Å for rϭ0.2 Å. The reduction is more pronounced the larger the mass renormalization of Ge. To get a feeling of the size of r, note that the center-of-mass counter-rotation assumption presumes a value of 0.1 Å. Table I shows the expected isotope shifts calculated for the observed rotor spectral lines, for germanium (⌬m Ge * ϭ6 amu) and oxygen (⌬m O ϭ2 amu) substitutions.
The shifts are presented for two different r values, 0.10 and 0.13 Å ͑see below͒. Note that for larger r, the oxygenisotope shifts are smaller while the germanium-isotope shifts are larger.
C. First-principles potential wells
The results presented in the preceding subsections are self-consistent, but there are points regarding the atomic configuration and nuclear potentials that the available experiments cannot answer. Complementary information is sought using first-principles total-energy calculations to study the potential for the nuclear motion. The calculations have been performed in the manner described elsewhere, 12 using a cluster-Hartree-Fock approximation. The electronic energy is calculated for different distances of the oxygen atom to the BC position along a perpendicular direction to the Si-Si or Ge-Ge axis. At each point, the first and second nearest neighbors of oxygen are carefully relaxed. This represents an adiabatic radial potential for the oxygen motion with respect to the Si/Ge atoms. It is a good approximation to the effective potential obtained from experiments, as discussed in the next subsection, and, in more detail, in Ref. 19 . The calculations are performed for the C s symmetry of the center. The Si͑Ge͒ atoms nearest to O were relaxed along the original Si-Si ͑Ge-Ge͒ axis.
The resulting radial potentials are shown in Fig. 4 for both centers. Note the qualitatively different size of the barrier for the radial motion. In the Ge:O i case it amounts to 235 meV, localizing the oxygen distance to BC around r O ϭ0.58 Å. The Si:O i case displays a radial barrier of at most 1 meV. 12 These numbers provide additional support for the picture in Fig. 2 . In the equilibrium geometry the Ge-O-Ge ͑Si-O-Si͒ angle is 140°͑180°͒ and the Ge-O ͑Si-O͒ distance 1.70 Å ͑1.56 Å͒.
A simple calculation can be made that supports the difference in the potential barriers displayed in Fig. 4 . Consider the Ge-O bonds of the Ge 2 O unit as springs, with the Ge positions fixed and the O atom free to move. Let the disposition be such that the relaxed situation has a defined Ge-O-Ge angle, . Considering Hooke's law for the stretching of the springs, the barrier, i.e., the potential energy needed to push the O atom to the axis, is
where k is the stretching force constant, and l the length of the Ge-O bond. Taking kϭ3.4ϫ10 5 dyn/cm ͑see Sec. III A͒, lϭ1.7 Å, and ϭ140°, the barrier amounts to E B ϭ220 meV, quite in agreement with the 235 meV of the ab initio calculation. Doing the same for Si:O i , with kϭ4.8ϫ10 5 dyn/cm, lϭ1.56 Å, and ϭ168°͑see the static potential in Ref. 11͒, the result for the barrier is E B Ͻ2 meV, in accordance with the previous discussion for Si.
The radius r O ϭ0.58 Å obtained from the calculations for Ge:O i corresponds to the R quantity defined in the preceding subsection. It is much smaller than the apparent radius R a ϭ0.85 Å obtained from a fixed-Ge interpretation of the rotor experimental data, and even smaller than the radius of 0.92 Å obtained 6 assuming the reduced mass of the Ge 2 O 12͒ where the potential is flat within the limits given by the computational scheme, the maximum barrier being of the order of 1 meV. It is compatible with the potential in Fig. 3. pseudomolecule. According to the discussion above, a value of R smaller than the apparent one indicates a coordinated rotation of O and Ge atoms, all in phase, against the previous belief of a rotation around the center of mass, i.e., Ge and O rotating in antiphase. Of course, there is an expected error in the theoretical estimate of R due to the approximations involved in the first-principles scheme. The 0.27 Å deviation, however, is too large to be accounted for by just numerical error. It has to be remembered that one of the main approximations of the scheme lies in the finite size of the cluster, its main shortcoming for this system being the lack of relaxations further than second nearest neighbors to oxygen. The system being under compressive stress, it is clear that the improvement of the calculation on this point would render an even smaller value of R.
Based on the formulas of the preceding subsection, Rϭ0.58 Å implies a radius for the accompanying Ge rotations rϷ0.13 Å. It is larger but of similar magnitude to the 0.1 Å presumed before ͑center-of-mass assumption͒. Even if the first-principles results could still give too short a radius, the deviation for R should be considerably smaller than 0.27 Å. See, for instance, the independent result of LaXmann 16 of ϭ(138Ϯ8)°obtained from uniaxial stress measurements, very similar to our 140°.
For the characterization of the dependence of the potential, additional first-principles calculations are performed at C 2 symmetry positions ͑30°away from the previous͒, and at an intermediate value between C s and C 2 . No significant difference in the relaxation of the neighboring atoms is observed. The lowest energy is found for the C 2 symmetry positions, the C s position representing local minima, too, with barriers at the intermediate positions. This scenario corresponds to the second potential in Fig. 3 . The numbers, however, are way too small: E C s ϪE C 2 Ϸ3 eV, while the rotor analysis indicates rather 520 eV. There are neither noise nor numerical problems in our computational scheme, but it involves certain approximations that by no means allow relying on such small energy scales. The main result in this respect is that the rotational barrier is negligible in accordance with what was obtained experimentally.
D. Quantum many-atom effects
The effective potentials obtained from fits to experiments and the adiabatic potentials obtained in the preceding subsection represent one-particle approximations to the real situation: the atoms move in a correlated fashion in a many-body potential. The usual situation, where the harmonic approximation applies for vibrations around a potential minimum, allows a decoupling of that potential. However, the drastic deviation of our systems from the harmonic behavior prevents such decoupling.
Si:O i
On the grounds of the effective one-particle potential, it has been argued before 11, 12 that Si:O i has to be described in terms of a linear geometry, as displayed in Fig. 2 . In this section we check that conclusion within the more realistic frame of the many-atom problem. Yamada-Kaneta, Kaneta, and Ogawa 11 include some interatom correlations by coupling the low-energy motions of oxygen to the high-energy stretching mode. The analysis presented here treats the O and neighboring Si atoms and their correlations on equal footing.
A theoretical study of the quantum dynamics of Si:O i presents two major difficulties: ͑i͒ the computation of a realistic many-body potential, and ͑ii͒ the solution of the manybody problem. With respect to the first point, the Si-Si interaction is described by the Stillinger-Weber potential, 20 while the Si-O-Si interaction is modeled by an empirical threebody potential 21 that reproduces the main features of the Si:O i defect, namely, its geometry ͑bond length, bond angle, and Si relaxations obtained from the first-principles calculations described above͒ and vibrations ͑A 2u and A 1g modes͒.
The many-particle quantum problem was solved by pathintegral Monte Carlo ͑PIMC͒ simulations, 22 a technique that is appropriate for the study of equilibrium properties at finite temperatures. The results for the probability-density function (r O ) of the O nucleus are shown in Fig. 5 as a function of the temperature for two different constrained models. In the first model, the Si atoms are fixed at the relaxed positions corresponding to the absolute minimum of the employed potential, with a Si-O distance of 1.53 Å and a Si-O-Si angle of 163°. The probability distribution is bimodal, the maximum probability density being found away from the BC site, and its symmetry corresponds to a nonlinear Si-O-Si arrangement. By allowing the Si nearest neighbors of the impurity to move along the ͑broken͒ bond direction, the (r O ) curve changes drastically and displays the symmetry expected for a linear arrangement of atoms, with its maximum at the BC site. This result shows that the geometry given by the minimum of the potential becomes meaningless for describing the properties of the impurity center, due to the zero-point motion of the impurity and the neighboring lattice atoms. This many-body treatment confirms the hypothesis made in a previous work 12 based on one-particle arguments, assigning a linear geometry to the center in spite of the puckered geometry that the potential would give.
Ge:O i
In the Ge:O i case, the difference in energy scales involved in the rotation and vibrations of the center still permits the decoupling of both motions in the same way as for molecules in vacuum. Therefore the analysis presented in the preceding section together with the study of the higher-energy vibrations presented in the next section provide a qualitative and correct picture of the center. Therefore most of the correlated motions are understandable in easy terms. The only exception is the motion of the Ge atoms related to the O rotation, as pointed out in Sec. II B. Path-integral Monte Carlo simulations are useful to understand this point. A simplified model has been devised for the purpose, where the Ge lattice is kept fixed, allowing only the motion of O and its Ge nearest neighbors. In addition, both Ge atoms are only allowed to move in phase.
Preliminary results of PIMC simulations 23 indicate that the Ge atoms accompany the O rotation ͑corotate͒ instead of counter-rotating, which was the usual assumption ͑for instance, whenever the reduced mass of oxygen was used͒. This is concluded from the finding that ͗r O •r Ge ͘Ͼ0, where the positions of O and Ge ͑r O and r Ge , respectively͒ are taken with respect to the axis of rotation, i.e., the axis passing through the Ge positions in the ideal crystal. A more detailed analysis would be desirable and will be presented in the future, 23 but it is not expected to reveal new physics at the level of the present work.
III. THEORY OF VIBRATIONAL SPECTRA
A. Spectra and mode characterization
The microscopic models presented in the preceding section allow the calculation of the absorption spectra of these centers in the infrared range. A model dynamical-matrix calculation for the vibrations of a single O impurity in the infinite semiconductor is used for that purpose. The clusterBethe-lattice approach 24 is used to account for the infinite semiconductor system. A Born model is used for the dynamical matrix, the geometry being obtained from the ab initio results discussed above. Further details on the calculation scheme were presented elsewhere. 12 The central force constant ͑␣͒ used for bulk Ge is 0.58ϫ10 5 dyn cm Ϫ1 and the noncentral one ͑␤͒ is 0.26ϫ10 5 dyn cm Ϫ1 ͑Ref. 24͒. For the Ge 2 O unit, a three-body bending force constant has been considered instead of the two-body noncentral force constant of the Born model. The reason is that the Born model is too simple for the adequate treatment of the puckered geometry, it cannot distinguish between the radial and the tangential vibrations ͑the latter corresponding to the rotation͒. The stretching ͑central͒ and bending force constants used are 3.41ϫ10 5 dyn cm Ϫ1 and 0.31ϫ10 5 dyn cm
Ϫ1
, respectively. 25, 26 The infrared absorption is calculated in absolute units (cm
) following Martínez and Cardona. 26 The infrared-absorption spectrum obtained for Si:O i was already shown and discussed in a previous paper, 12 the comparison with the Ge case being presented below. The spectrum for Ge:O i is shown in Fig. 6 . Four distinct features appear at 877, 416, 230, and 0 cm Ϫ1 . The latter corresponds to the free rotation of oxygen, zero frequency within this approximation. 27 The other three correspond to the 3 stretching, 1 bending, and 2 rocking modes of the Ge 2 O unit, respectively 8 ͑see Fig. 7͒ . It is worthwhile noting that this classification is well suited for the Ge:O i center due to its puckered geometry. For the Si:O i center the appropriate classification 11, 12 is shown in Fig. 1͑b͒ . The asymmetric stretching mode at 877 cm Ϫ1 corresponds to the very well characterized main absorption peak at 860 cm Ϫ1 ͑Ref. 4͒, equivalent to the 1136 cm Ϫ1 peak for Si:O i . The other two features ͑416 and 230 cm Ϫ1 ͒ have never been directly observed in experiments. The 2 band appears as a resonance in the germanium continuum and corresponds to the radial vibration of the rotor. Indeed, the centrifugal distortion coefficient Dϭ4B 3 /ប 2 2 in the hindered rotor model gives a value for of the magnitude of the frequency of this 2 mode ͓the exact value depends on the amplitude of the cos (12) term͔. The position of this 2 feature is not as well defined by our model as the others, being more sensitive to small changes in the dynamical matrix and/or geometry.
The mode at 416 cm Ϫ1 of Ge:O i is of a similar origin as the 596 cm Ϫ1 mode of Si:O i . 12 In the Ge case, however, there is an important O radial motion which is absent in the Si case. The difference lies on the puckering of the Ge 2 O unit. In fact, both 1 and 2 modes involve the radial motion of the O atom. The difference between the two is found in the relative motion of the Ge neighbors, in phase with O for 2 , antiphase for 1 . The 1 vibration has not been observed experimentally because of the weakness of this feature, together with the fact that the infrared spectrum of crystalline germanium shows a two-phonon infrared absorption in this frequency range 28 that can hide the absorption of O i at the usual concentration. Nevertheless, an O vibrational mode has been reported at 1270 cm Ϫ1 ͑Ref. 2͒ and it is a good candidate for a combination of the 1 symmetric mode with the asymmetric 3 stretch mode. It is the same effect as in Si:O i , where the noninfrared active mode at 596 cm Ϫ1 combines with the asymmetric stretching one to give the 1751 cm Ϫ1 band. 29 These combination-mode assignments are soundly supported by the agreement of the isotope shifts predicted by the theory and the corresponding experimental results. These data have already been presented 12, 14 for Si:O i and are presented here for Ge:O i ͑next subsection͒.
To obtain a quantitative measure of the atomic motions for the different modes, the displacement-displacement correlation functions
of atoms in the vicinity of the defect are shown in Fig. 8 . u ជ i and u ជ j are the displacement vectors of atoms i and j. G i j is the Green-function tensor corresponding to atoms i and j. The correlation functions shown confirm the assignments made above, and give the necessary information for a quantitative picture of the relative motions, as in Fig. 7 . Also the mean square displacements of the atoms at the different vibrational modes are given in Table II . The inset of Fig. 6 shows the infrared absorption near the upper edge of the bulk continuum for both Si:O i and Ge:O i . The figure shows remarkable differences between these two spectra. On the one hand, there is no spectral feature for Si:O i that is equivalent to the 230 cm Ϫ1 mode of Ge:O i . This is due to the fact that, in the Si case, the O radial motion is very soft due to the highly anharmonic potential, the associated mode mixing with the rotational motion in a lowerenergy scale. For Ge both motions are well separated in different energy scales.
On the other hand, the asymmetric resonance in Si:O i at the phonon-band edge (517 cm
) is practically absent in Ge:O i . This resonance appears due to the backbonding relaxation caused by the incorporation of oxygen. This relaxation is larger in silicon than in germanium. This assignment is confirmed by Fig. 9 , which shows the displacementdisplacement correlation functions between the silicon atoms forming the backbonds. These results show very explicitly the origin of the modes at 517 and 596 cm Ϫ1 in silicon. The mode at 517 cm Ϫ1 is a silicon optic mode ͑perpendicular to the defect axis͒, with a higher frequency due to the backbonding compression. The mode at 596 cm Ϫ1 is an optic mode ͑parallel to the axis͒ split off the band due to the presence of the stronger Si-O-Si bond in the semiconductor lattice. 1/2 of the O and neighboring Ge atoms along the different directions ͑in pm͒. Axes defined in Fig. 8 . 
B. Isotope shifts
The method described above allows the calculation of shifts in the spectral features due to different isotope replacements. Shifts can be calculated for many isotopicsubstitution combinations ͑changing O, changing one semiconductor neighbor, changing both neighbors, changing the host crystal atoms, etc.͒. Since only the masses of atoms change, implying no changes in the dynamical matrix, the isotope shifts obtained from theory have a high predictive power, and constitute an important check for the theory. The recent availability of isotopically pure or enriched semiconductor samples makes possible the measurement of these quantities. 8, 30 The isotope shifts for Si:O i , both calculated and measured, were presented in a previous paper, 14 where the previous assignments and the existence of the A 1g symmetric stretching mode were confirmed experimentally. The corresponding results for Ge:O i are presented in the next section. As a previous check on the theory, in Fig. 10 the isotope shifts of the 3 mode are shown for 18 O for the different combinations of Ge neighbors. They are compared with the experimental results of Mayur et al., 8 showing satisfactory agreement.
IV. GERMANIUM-ISOTOPE-SHIFT MEASUREMENTS
A. Experimental details
Natural germanium is a mixture of 70 Ge ͑7.8%͒. The Ge-isotope-shift ͑IS͒ measurements have been performed by infrared absorption near liquid helium temperature ͑LHeT͒. We report here the results on the asymmetric stretch ( 3 ) mode and on what has been ascribed to the combination of this mode with the symmetric 1 mode of O i ͓see Fig. 1͑a͔͒ . In natural Ge:O, the 3 transitions are sharp at LHeT, with a full width at half maximum ͑FWHM͒ near 0.03 cm Ϫ1 or about 4 eV. By comparison the combination mode is about 350 times broader under the same conditions. This fact explains why, if it is possible to measure a Ge IS of 3 in natural germanium, this is not possible for the combination mode. Thus the Ge IS's of the combination mode have been measured in samples enriched with one isotope to concentrations larger than 80% ͑quasimonoisotopic or qmi samples͒. The different kinds of samples used are listed below.
Two natural Ge:O samples were grown at Métallurgie Hoboken Overpelt and another, initially O-free, was diffused with oxygen for 14 days at 850°C and cooled rapidly at room temperature at the University of Paderborn ͑Germany͒. Ge samples doped with oxygen have been grown by the vertical Bridgman method at the Lawrence Berkeley National Laboratory. 31 The absorption was measured at 1.6 or 6 K with a BOMEM DA3ϩ Fourier transform infrared spectrometer with a unapodized spectral resolution of 0.013 cm Ϫ1 ( 3 ) or with a resolution of 2 cm Ϫ1 ͑combination mode͒.
B. Results and discussion
The frequency of the feature near 860 cm Ϫ1 is due to the 3 mode. Its fine structure at low temperature comes from the combination of this mode with the nearly free rotation of the O atom about the Ge-Ge axis as depicted in Fig. 2 ͑the accompanying motion of the Ge atoms is disregarded͒. To simplify, it can be described by some kind of vibrationrotation spectrum of a pseudomolecule, with individual levels labeled ͉v 3 ,l͘. The situation here bears some similarity to the vibration-rotation spectrum of a diatomic molecule. The transitions observed take place between ͉0,l͘ and ͉1,l͘ states. Considering the experimental positions of the rotational states given in Fig. 3 and the fact that 6 K corresponds to a thermal energy of 0.5 meV, the four vibration-rotation lines observed at 6 K are ascribed to transitions with lϭ0, Ϯ1, Ϯ2, and Ϯ3. These transitions have been labeled I, II, III, and IV in this order. 8 It must be pointed out that the weak line IV has been detected for the first time in qmi germanium.
5 At 1.6 K, the reduction of the thermal energy depopulates the ͉0,2͘ and ͉0,3͘ levels, so that only lines I and II are observed and the 15 combinations of the five isotopes of natural Ge give 30 lines within a spectral range of three wave numbers. The spectrum of Fig. 11 shows indeed that about 25 lines can be resolved ͑this spectrum shows saturation effects for the most intense lines in order to see clearly the weak 76 Ge 2 O combination͒. In the linear approximation, the frequency of an asymmetric isotopic substitution Y XY i of a symmetric XY 2 molecule is taken as the mean of the frequencies of Y XY and of Y i XY i . For the cases where the mean could be calculated accurately, it has been found that the deviation from the experimental value was indeed very small. In Ge, different Ge 2 O isotopic combinations can have the same average Ge mass ͑AM͒ and this is the case for masses 72, 73, and 74, but they are found to vibrate at slightly different frequencies. Figure 12 shows a portion of the vibration rotation of 3 Si using the linear approximation. As for germanium, it is found that for the same AM, the frequency of the symmetric mode in silicon is slightly less than that of the asymmetric one ͑1132. Table III can be rationalized in the following way. Consider the mass deviation, ⌬M Ge ϭ(M Ge 1 ϪM Ge 2 )/2, as a small parameter such that the frequency of a mode can be written as
where 0 is the frequency for equal masses, and C a constant. A linear term cannot exist ͑assuming smooth behavior͒ since the frequency of the mode cannot depend on which one of the Ge atoms is heavier, i.e., it cannot depend on the sign of ⌬M Ge . According to Eq. ͑19͒, the shifts shown in 2 Its peak absorption is much weaker than the 3 absorption, as seen from Fig. 13 . The FWHM is about 10 cm Ϫ1 and no fine structure is observed at high resolution. The measurement of the Ge IS is thus clearly not possible in natural Ge. Different qmi Ge:O samples have then been used for this determination. Figure  14 shows this mode for qmi 70 Ge, 74 Ge, and 76 Ge. The effect is not so spectacular as for the 3 mode, but the 70 Ge-76 Ge IS is nonetheless four times larger. The FWHM of the mode in qmi Ge seems comparable to the one in natural Ge, except for 70 Ge, but the signal-to-noise ratio for this spectrum is poor. Thus, this mode seems to be homogeneously broadened. 32 Assuming that the 1270 cm Ϫ1 mode is a ( 1 ϩ 3 ) combination, one can derive from the experimental results the Ge ISs of the 1 mode and compare them with the calculations. This is presented in Table IV and the consistency of the results further supports the attribution. The 1 mode has been looked for in the spectral region where it is predicted to vibrate without positive result.
V. CONCLUSIONS
Ge:O i has been thoroughly studied both experimentally and theoretically, achieving a fair understanding of the microscopic structure and the dynamics of this center. The experiments performed were based on infrared absorption spectroscopy of isotopically pure samples. The theory included ͑i͒ a hindered rotor model for the low lying excitations of the center, ͑ii͒ first-principles calculations for the potential the atoms are moving in due to the electrons, ͑iii͒ path-integral Monte Carlo simulations for the atom-atom correlation effects, and ͑iv͒ a model calculation of the infrared-absorption spectra. The Ge:O i center has been compared with Si:O i , providing some new theoretical information for the latter concerning the quantum delocalization of the O atom. 13. Absorption at 6 K of the 1260 cm Ϫ1 mode in natural germanium with three times more oxygen than in Fig. 11 . One abscissa division is 7.5 cm Ϫ1 compared to 0.075 cm Ϫ1 in Fig. 12 .
FIG. 14. Absorption at 6 K of the combination modes in different qmi Ge samples showing the Ge-isotope shift. The bar indicates the position of the mode in natural Ge.
The main conclusion is presented in Fig. 2 . In both cases ͑Ge:O i and Si:O i ͒ the O atom, after breaking the original semiconductor-semiconductor bond, quantum delocalizes around the bond-center region. The character of that delocalization and of the associated dynamics, however, is very different for the two centers. For Ge:O i the delocalization is in an annulus around BC, the dynamics being rotational. For Si:O i the delocalization has its maximum probability density at the BC site, giving rise to an essentially linear disposition of the center, the low-energy dynamics being that of very anharmonic vibrations around that position.
A detailed analysis of the rotation in the Ge:O i center has been presented. Besides the information obtained about the hindered rotation dynamics and its connection with lowfrequency vibrations, the remaining open questions have been pointed out and the ways to answer them have been proposed. In particular, the picture of the Ge 2 O unit rotating around its center of mass has been revised, and an alternative has been proposed where the whole unit rotates in phase around an external axis.
The infrared spectral features of the Ge:O i center have been revised. The stretching 3 vibrational mode at 860 cm Ϫ1 is well known and characterized. The shift of this feature with the change of oxygen nearest neighbor isotopes has been observed and characterized. The other vibrations which are expected, 1 and 2 , have not been directly observed yet. Theory gives a weak 1 absorption at 416 cm
Ϫ1
. New experimental data on isotope shifts of the combination mode at 1270 cm Ϫ1 confirm that prediction. The 2 mode would be the lowest vibrational mode of the center and should give a weakly infrared active resonance in the Ge inactive phonon continuum. The position of this feature cannot be ascertained with precision and may lie between 230 cm Ϫ1 and 100 cm Ϫ1 , but clearly above the lowenergy rotational modes, which are in the range of a few cm Ϫ1 . 
